When detached maize leaves were fed with an ABA solution via the xylem, the relationship between the relative stomatal inhibition and ABA concentrations was similar under different humidity conditions, but the relationship between such inhibition and ABA flux was different according to changes of humidity. To understand whether such stomatal behaviour was related to the way through which xylem-delivered ABA was metabolized, detached leaves of maize and Commelina were fed with tritium-labelled ( 3 H)-ABA at concentrations similar to that found in xylem of droughted plants and it was found that xylem-delivered ABA was metabolized rapidly in both species. The halflife of ABA metabolism, calculated from the timerelated ABA disappearance curve, was 42 and 64 min for maize and Commelina, respectively. The very short half-life suggests that there is a large capacity in leaves to metabolize xylem-delivered ABA and that metabolism is a major factor in the control of ABA accumulation in leaves. When ABA was fed at different fluxes, either through changing the feeding concentrations or through manipulating the rates of leaf transpiration (i.e. the volume flux), ABA was metabolized at rates that were proportional to the amount that was delivered. The absolute rate of ABA metabolism was, therefore, linearly related to the amount of ABA that had arrived. It was found that xylem-delivered ABA reached the epidermis of Commelina, and was metabolized at the same pattern as that in mesophyll tissues, i.e. at a similar half-life and at rates constantly related to the amount that was delivered. The role of the rapid ABA metabolism was discussed in the context of stomatal control by either concentration or flux of xylem-carried ABA.
Introduction
When plants experience soil drying, ABA concentration in xylem increases rapidly in response and leaf conductance is reduced (Zhang and Davies, 1989) . Several reports have shown that there is a close relationship between stomatal conductance and xylem ABA concentrations and suggested that changes of xylem ABA concentrations can be a stress signal of soil drying to regulate stomatal conductance (Zhang and Davies, 1989, 1990; Tardieu et al, 1992; Khalil and Grace, 1993; Correia and Pereira, 1995; Liang «/a/., 1996) .
In field conditions, however, transpiration is very much a function of aerial environment and fluctuates from time to time. If it is assumed that a xylem-carried substance is transported more or less at a constant flux (e.g. for inorganic ions, Smith, 1992) , it would be expected that the concentration of that substance in the xylem would vary with transpirational rate. It is reasonable, therefore, to ask whether leaf conductance may also respond to ABA flux from the xylem if the ABA concentration truly fluctuates. Recently, several studies have tried to address this question (Schurr et al, 1992; Gowing et al, 1993; Jackson et al, 1995) , but none of them has confirmed that stomatal conductance is either determined by ABA flux or the amount of ABA that is delivered there over a short experimental period, e.g. hours. Instead, several reports have shown that stomatal conductance is more related to xylem ABA concentrations than to parameters such as ABA flux, leaf turgor or leaf ABA concentrations (Gowing et al, 1993; Tardieu and Davies, 1993; Jackson et al, 1995; Liang et al, 1996) .
It is still not clear, however, why stomatal opening seems more related to changes of ABA concentration than to either the flux or the amount of ABA from the xylem. It might be predicted that, if ABA in xylem acts as a signal of soil drying and a control factor of stomatal opening, ABA should not accumulate in action sites such that the sensitivity of regulation is reduced. It is therefore reasonable to argue that there must be a mechanism through which ABA is quickly removed from action sites and stomata can respond to dynamic changes of ABA concentration, rather than to ABA flux or the amount of ABA which obviously needs some time to accumulate. It is of interest, therefore, to assess the role of ABA metabolism during the removal of xylem-delivered ABA and to test whether such removal is essential to enable stomata to respond to further changes of ABA concentrations.
Materials and methods

Plant materials
Maize (Zea mays, Fl cv. Jing You 1) seeds were germinated in moist vermiculite and seedlings were transplanted into 95 mm diameter pots filled with John Innes No. 2 compost. The soil was composed of loam, peat and coarse sand in 7:3:2 volume ratio, and was supplemented with NKP complete fertilizer. Plants were raised in a greenhouse at a temperature of 25-28 °C for 2 weeks and the second true leaves were harvested for ABA-feeding.
Seeds of Commelina communis were germinated in moist vermiculite in a greenhouse. When their first leaves were visible, plants were transplanted into 95 mm diameter pots filled with John Innes No. 2 compost as described above. Plants were raised in a greenhouse for a further 3 weeks and the youngest fully expanded leaves were harvested for ABA-feeding.
Synthetic ABA feeding to detached maize leaves
The second true leaves were harvested from maize plants which had been moved into dark for a few hours and showed guttation at their leaf edges. Leaves were cut again under distilled water and transferred into vials which were filled with ABA solution at concentrations from 0, 25, 50, 125, 250 to 500 nM (+)-ABA (half of the (±)-ABA concentrations). ABA feeding was conducted inside two glass boxes in which temperature (all at 25 °C) and humidity (31% and 72% RH, respectively) were controlled by a de-humidified and cool air flow. Light intensity inside the glass box was 450/xmol m~2 s" 1 . Air inside the two boxes was mixed continuously by two small fans.
Five leaves for each ABA concentration were used as repetitions. Vials were weighed every 30 min for their water loss for 3 h. Three artificial leaves (darkened filter paper in leaf shape) were fed with distilled water and placed inside the box for the evaluation of the boundary resistance of evaporation. At the end of feeding, leaves were measured for their leaf area using an area meter. Leaf transpiration rate, leaf conductance and ABA flux to unit leaf area were calculated.
The second true leaves of maize or the youngest fully expanded leaves of Commelina were cut under distilled water with about 1 cm long sheath or stem attached, and swiftly transferred to an artificial xylem sap which was made with essential inorganic ions at concentrations similar to that of xylem sap as reported by Gollan et al. (1992) . The pH of the artificial xylem sap was adjusted at pH 6.0 with an appropriate ratio of KJ-I 2 PO 4 and K. 2 HPO 4 which were components of the artificial xylem sap. Leaves fed with artificial xylem sap were put under light (highpressure sodium lamps, intensity at 200 /imol m~2 s" 1 ) at 25 °C to reach a stable transpiration rate. After about 1 h, detached leaves were transferred to 3 H-ABA solutions for a specific period of time, and then their immersed sheath or stem was rinsed thoroughly with artificial xylem sap before they were moved back to the original artificial xylem sap for a further specific period of incubation. During solution changes, the cut end of leaves were always covered by an adhering drop of liquid to avoid embolism.
Feeding was again conducted in two humidity-controlled boxes at 25 °C. Relative humidity was controlled at 55% and 90% separately with some ventilation. Leaf transpiration rate was determined in a preliminary experiment and a 4-fold difference was found between the two humidity boxes.
3 H-ABA feeding solutions contained 100, 250 or 400 ^mol m" 3 (±)-cis-trans-3 H-ABA (specific radioactivity was adjusted at 4.4 x 10 12 Bq mol" 1 , Batch 29, Amersham) in artificial xylem sap at pH 6.0. The concentrations of ABA was comparable to that of xylem sap of soil-dried maize plants reported earlier (Tardieu et al., 1993) . Total radioactivity of 15-60 Bqmg" 1 dried leaf mass (or 3.5-14.0 pg ABA mg" 1 dry wt.) was fed so that enough radioactivity in samples existed for the following ABA analysis.
H-ABA analysis of total and unmodified amount
Following a specific period of incubation after ABA feeding, leaves were sampled and placed into plastic vials, plunged into liquid nitrogen and freeze-dried immediately. 20 mg dried and ground leaf samples were mixed with 1 ml of PBS buffer (phosphate buffered saline, 50 mM Na 2 HPO4/NaH 2 PO 4 , pH 6.0, with 100 mM NaCl). Mixtures were shaken in the dark at 4°C for 12 h to extract ABA and other water-soluble components. Aqueous extracts were obtained as a supernatant after centrifuging the extraction mixtures. Extraction efficiency was checked by delivering a known amount of radioactive ABA into the leaf samples (i.e. xylem feeding) and found consistently that over 90% of the delivered radioactivity was extracted into the supernatant.
One aliquot of extract was mixed with the liquid scintillation cocktail and counted for radioactivity, which was used in the calculation of total ABA fed through the xylem. The unmodified 3 H-ABA that remained in the leaves was measured using a highly specific monoclonal antibody against free acid of ABA (Gowing et al., 1993 ). An aliquot of aqueous extract was mixed with concentrated ABA antibody (MAC 252, provided by Dr SA Quarrie, Cambridge Laboratory, IPSR, John Innes Centre, UK) and the pellets precipitated under 50% saturated (NH 4 ) 2 SO 4 were counted as the ABA that remained as unmodified free acid. ABA antibody solution was added with globulin proteins to co-precipitate with the antibody.
The concentration of antibody was about 10 times more concentrated than that used for normal ABA radioimmunoassay (Quarrie et al, 1988) . This concentration was determined at a preliminary test where tritium-labelled and unlabelled ABA (using leaf extracts obtained the way described above) were mixed with different concentrations of antibody. The appropriate antibody concentration was determined as the one that could precipitate about 40% of the total radioactivity (i.e. 80% of the (+)-3 H-ABA added in the assay vials). Since the ratio of tritium-labelled ABA to unlabelled ABA was very small (about 1:100), it was found that the percentage of precipitated radioactivity to added 3 H-ABA was constant with different 3 H-ABA concentrations if the above antibody concentration was adopted. The precipitation percentage was checked from time to time whenever the concentrations of unlabelled ABA changed substantially in the leaf extracts (e.g. with different batches of plants), and was used in the calculation of the amount of ABA remaining unmodified.
Non-specific binding and co-precipitation of radioactive substances in the reaction mixture was checked by counting the radioactivity in the pellets that were precipitated by globulin solution only (i.e. the globulin buffer that was used to deliver ABA antibody), and was subtracted from the counting of unmodified ABA in the precipitated pellets.
Unlabelled ABA assay
Synthetic ABA was also fed to maize leaves using the method described for radioactive ABA feeding for 30 min at concentrations of 0, 100, 200, and 400 nM (±)-ABA. Leaves were harvested immediately after feeding, and extracted for ABA as above. ABA analysis was carried out using the radioimmunoassay (RIA) method as described by Quarrie et al. (1988) . The same antibody as above was used, but in a much-diluted concentration (ten times dilution) which could bind about 45% of added 3 H-(+)-ABA in the absence of unlabelled ABA (the maximum binding). Aqueous extracts of ground leaf tissues (100 mg dried sample in 5 ml distilled water and shaken at 4°C for 12 h) were used for the assay without further purification. The immunoreactive contamination in crude extracts of maize leaves were tested earlier (Zhang et al., 1995) using a spikedilution test (Jones, 1987) , i.e. diluted extracts were added to synthetic ABA and showed no significant interference. 50 ^1 of crude extracts was mixed with 250 /A phosphate-buffered saline (pH6.0), 100 ^.1 diluted antibody solution and 100 ^.1 3 H-ABA (about 20000 dpm) solution. The reaction mixture was incubated at 4 °C for 45 min and bound radioactivity was measured in 50% saturated (NH 4 ) 2 SO 4 -precipitated pellets with a liquid scintillation counter. The assay sensitivity (as low as 0.4 pmol ABA per assay vial) proved the same as that reported by Quarrie et al. (1988) . Figure 1 shows the response of stomatal conductance (g B ) of detached maize leaves to changes of either ABA concentration or ABA flux through the xylem. As would be expected, different humidity had some direct effect on stomatal conductance, which was higher in more humid air than in less humid air. If expressed as relative to g, at zero ABA concentration, dose responses to ABA concentrations obtained from two different humidity conditions were similar. When such relative changes of g, are plotted against ABA flux into unit leaf area, Fig. 1 shows that the relationship between g, and ABA flux was different if the humidity was changed. Apparently g, was regulated more sensitively by ABA flux in more humid air than in dry air. When 3 H-ABA was delivered into maize leaves through xylem feeding, it was metabolized very quickly (Fig. 2) . After 5.5 h, only about 8% of the originally delivered ABA remained unmodified. The relationship between the percentage of unmodified ABA and incubation time can be described in the following equation:
Results
where P is the percentage of ABA that remained unmodified, t represents the incubation time and t 1/2 (42.6 min was calculated here) indicates the half-life, i.e. the time required to metabolize 50% of the remaining ABA during the incubation period. It should be noted that even when leaves were harvested immediately after feeding, i.e. the zero time in Fig. 2 , only about 60% of delivered ABA on average remained unmodified, which indicated a rapid turnover process during the 30 min feeding period.
When the concentration of 3 H-ABA or water volume flux was manipulated so that different fluxes of 3 H-ABA was fed through the xylem, a similar metabolism curve as the one shown in Fig. 2 was obtained for different ABA fluxes (Fig. 3) . Nearly four times (400 nM versus 100 nM of 3 H-ABA, or the 55% RH versus 90% RH) difference in ABA fluxes did not alter the percentage of delivered ABA that was modified, suggesting a large capacity of ABA metabolism that catabolized the incoming ABA in a similar proportion.
These two features of ABA metabolism, i.e. rapid and 2 3 4 5 Time (hours) Fig. 3 . Rate of ABA metabolism in detached maize leaves which were fed with different concentrations of 3 H-ABA and at different transpirational demand for 30 min (d) 400 nM at RH 55%; (O) 100 nM at RH 55%; (A) 400 nM at RH 90%. Feeding was carried out in two humidity-controlled chambers at 25 °C. Each point (mean of triple RIA assays) represents an individual leaf. The relationship between the percentage of unmodified 3 H-ABA (P) and incubation time (t) can be described in the equation: /> = 9.95 + 52.1 exp (-In2 t/t v2 ), where t l2 = 0.76 h is the half-life of ABA metabolism (r* = 0.960). proportional to ABA flux, were verified further in the feeding experiment with unlabelled ABA. Figure 4 shows that immediately at the end of ABA feeding (30 min), both the rate of ABA disappearance and the final ABA remaining in the leaves increased linearly when more ABA was fed at higher concentrations. Figure 5 shows Commelina leaves where the epidermis and mesophyll are separated for ABA assay. About 35% of fed ABA ended up in the epidermis, but the ABA metabolism seemed to follow a similar trend as that in the mesophyll. Again, with different ABA fluxes, either manipulated by changing feeding ABA concentrations or by changing transpiration rate, the rate of ABA disappearance in both tissues followed the same curve. The regression equation is P= 13.38 + 80.62 exp (-ln2f/1.06), suggesting a half-life of ABA disappearance of 64 min (1.06h). Similar to the conclusion reached with maize leaves (i.e. Fig. 3 ), both epidermis and mesophyll tissues of Commelina had a large capacity to metabolize xylemdelivered ABA and always metabolized the same proportion of the ABA that arrived.
The percentage of fed ABA deposited in the epidermis seemed stable during the relatively short incubation period, e.g. within 2 h (Fig. 6) . It seemed that once ABA settled in either the epidermis or the mesophyll, it was not very mobile. Reallocation of ABA deposited between the mesophyll and the epidermis seemed slow and became significant 5h later after 3 H-ABA feeding. The ABA distribution was assessed on the total radioactivity that appeared in the appropriate tissues. 
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with changes of transpirational flux if plotted against ABA flux (Fig. 1) . This result clearly suggests that stomatal conductance is regulated by ABA concentrations in the xylem, rather than by ABA flux as suggested earlier (RaschJce, 1975) . Jackson et al. (1995) also showed with two drought-treated conifer trees that stomatal conductance was exponentially related to xylem ABA concentrations, but had no relationship with either leaf turgor or xylem ABA flux. Gowing et al. (1993) showed that the stomatal conductance of cherry leaves was better related to ABA concentrations than to the ABA amount that was introduced into detached leaves though a pulse of xylem feeding. Is this kind of response related to a rapid metabolism of xylem-delivered ABA such that as a result ABA rarely accumulates and stomata can keep their sensitivity to changes of ABA concentrations in the xylem, rather than to changes of ABA flux which is mainly determined by water flux and therefore a function of aerial evaporation demand? The rate of metabolism to xylem-introduced ABA was investigated, particularly when ABA was introduced at different fluxes.
When ABA was fed through xylem flow, the metabolism of xylem-delivered ABA followed a typical decay model. In the case of maize leaves, the decay equation is P=8.32 + 51.3 exp (-In2 f/42.6) with a half-life of 42.6 min and the determination coefficient (r 2 ) of 0.953. A similar equation was obtained for detached Commelina leaves (P= 13.38 + 80.62 exp (-In2 r/64)). In this experiment the zero time of ABA metabolism was assumed to be the time when the ABA feeding process just finished. Because ABA metabolism happened during the feeding period, the actual half-life could be a little bit shorter than 42.6 min (e.g. for Fig. 2 ) if we had tracked back to the theoretical time when 100% of the fed ABA was unmodified. The rapid metabolism found in this study confirmed the results reported by Gowing et al. (1993) where the half-life of xylem-delivered ABA in detached cherry leaves was found to be 36.2 min. Gowing et al. (1993) argued that such a rapid ABA turnover should prevent any substantial diurnal accumulation of ABA in leaves. They suggested that a theoretical maximum ABA concentration in the apoplast of guard cells is a function of the ABA concentration in the xylem flow, xylem volume flux and the ABA decay constant (i.e. the ln2/r 1/2 ). A rapid ABA metabolism, therefore, means that accumulation of xylem-delivered ABA should be less and the theoretical apoplast ABA concentration, if it exists at all, will be closer to the fresh ABA concentrations in the xylem. Gowing et al. (1993) obtained an ABA decay half-life of cherry leaves using a concentration used was essential to avoid a 'stimulated' metabolism in leaves (Milborrow, 1983) . These experiments used the ABA concentrations of the feeding solutions similar to that found in the xylem of field-grown maize plants (Tardieu et al, 1993) and the obtained halflife, therefore, more realistically reflected a situation of soil drying. Gowing et al (1993) cited some earlier reports on ABA metabolism in leaves and showed half-lives that were much more variable, e.g. 1 h in Xanthium, 1 h in Phaseolus, 3 h in Vitis, 3 h in Vicia, and 3.8 h in
Valerianellct. Harrison and Walton (1975) also reported, in an earlier study, a half-life of 3 h for water-stressed bean leaves. Possible reasons for such discrepancies are:
(1) that metabolism of xylem-delivered ABA is possibly different from that of ABA which is synthesized inside the leaves or ABA that is applied through the leaf surface; and (2) that compartmentalized ABA takes some time to diffuse out again and be metabolized. If the metabolism of those compartmentalized ABA had been considered, e.g. 8.32% and 13.38% of fed ABA, respectively, for maize and Commelina, the half-life calculated would be much longer. Gowing et al. (1993) reported that about 23.9% of fed ABA remained unmodified in the leaves during the first few hours, but gradually disappeared in the next 20 h or so. If the half-life calculation included the disappearance of the 23.9% of ABA which appeared stable during the early hours of rapid ABA metabolism, the calculated half-life would be at least 2 h. It was also found that the remaining 8.32% or 13.38% of fed ABA would take more than 20 h to disappear. It can therefore, be concluded that some of the fed ABA can be compartmentalized into areas, possibly inside chloroplasts, where enzymes of ABA metabolism are not accessible (Walton and Li, 1995) . Diffusion from these areas will take more than a few hours as suggested in Fig. 6 .
According to the kinetics of enzymatic catalysis, the absolute reaction rate will be linearly related to substrate concentration if the catalysis capacity is much larger than the substrate concentration. Under this situation, the relative rate, i.e. the absolute rate divided by substrate concentration, should be a constant. The result shows that the relative rate of ABA disappearance in leaves was constant with different ABA flux which was manipulated either by ABA concentrations or transpirational rate. The half-life of xylem-delivered ABA was the same despite the fact that ABA flux was manipulated up to a 4-fold difference. The conclusion would therefore be that there existed a large capacity in the leaves to metabolize xylemdelivered ABA. The capacity was so substantial that it was not saturated by the ABA concentrations usually seen in water-stressed plants.
Rapid metabolism of xylem-delivered ABA, in addition to a rapid compartmentalization (Slovik and Hartung, 1992) , is essential to explain the observation shown here and suggested in several other papers (e.g. Gowing et al, 1993; Tardieu and Davies, 1993; Jackson et al, 1995; Liang et al, 1996) that stomatal conductance is more closely related to xylem ABA concentrations than to ABA flux or to the amount of ABA that is delivered there. The rapid metabolism of ABA that is delivered to leaves will control a possible ABA accumulation in the leaves and, therefore, minimize the influence by the accumulated ABA and maximize the regulation by the ABA that is continuously delivered by xylem. Rapid compartmentalization of ABA may suggest that even the accumulated ABA is not necessarily the ABA that can reach stomata. ABA is metabolized inside cytosol (Walton and Li, 1995) . Chloroplast-trapped ABA, therefore, can avoid being catabolized immediately, but should be irrelevant to stomatal regulation. Allan et al. (1994) has demonstrated that an ABA-induced elevation of cytoplasmic Ca 2+ concentration is short-lived (2-5 min) if such ABA is applied in a short pulse. Therefore, stomata need a continuous ABA 'stimulation' to be regulated. It seems that such continuous stimulation will be better served by ABA concentration, than by ABA flux which mainly determines how much ABA can be accumulated.
In this sense, rapid compartmentalization and metabolism of xylem-delivered ABA constitute a mechanism such that xylem ABA concentration directly determines the apoplastic ABA concentration that is relevant to guard cells (the apoplast enclosing the guard cells?). The theoretical maximum apoplastic accumulation of xylem-delivered ABA, as suggested by Gowing et al. (1993) as a function of ABA flux and ABA turnover, may not exist at all (since partitioning among different compartments is not considered), let alone suggesting it is directly related to stomatal regulation. The argument presented here is that any ABA that is not metabolized immediately, is possibly compartmentalized and, therefore, irrelevant to stomatal regulation. This argument also implies an explanation to questions such as why diurnal ABA accumulation in leaves is rarely found or is irrelevant to stomatal diurnal rhythm even in cases when such an accumulation is found.
It seems more reasonable to assume that plants respond to xylem ABA concentration as an indicator of water availability in the soil and regulate stomatal opening in the shoot. In this sense the so-called root signal of soil drying (Davies and Zhang, 1991) should be the ABA concentration in the xylem. ABA flux in the xylem is largely controlled by water volume flux which is usually a function of the aerial environment. Xylem ABA concentrations, on the other hand, would more closely reflect the integrated water status of roots in drying soil (Zhang and Davies, 1990; Khalil and Grace, 1993) or that of the whole plant when a drought is prolonged so that shoot shows a water deficit (Zhang and Davies, 1989) . It may also be predicted that the strength of the signal can be attenuated rapidly once more water is available. Increased water flow into the xylem will dilute ABA concentrations there and send a signal for wider opening of stomata, although ABA flux may still be relatively high.
With such a sensing and signal production system, the responding system in the shoot would be predicted to log on the xylem ABA concentration which is probably more stable and more appropriate to show the soil water availability than ABA flux. It seems, therefore, that the large capacity to metabolize xylem-delivered ABA is an essential part for such a sensing and responding regulation system.
